Early diagnosis of breast cancer is crucial for effective treatment, and the need exists for greater detection ability and specificity than possible by screening x-ray mammography (currently the primary imaging technique for the detection of breast lesions). Positron Emission Tomography (PET) using the radiotracer 2-[fluorine-18]-fluoro-2-deoxy-D-glucose (FDG) offers a noninvasive, highly sensitive method for the diagnosis of breast cancer.
Introduction
Breast cancer is a serious and widespread disease that is projected to afflict about one in eight women during their lifetime. Early detection of breast cancer leads to a very high cure rate (1), but requires a highly sensitive diagnostic test. The conventional tests include imaging the breast with mammography and ultrasonography. Although these methods are sensitive, diagnosis must be confirmed by a fine needle aspiration or by a percutaneous biopsy before surgical and/or radiation treatment. The average sensitivity of mammography is about 80% (2), but the value depends strongly on the density of the breast. Sensitivity in fatty breasts can be as high as 90-95% but for dense breasts it may be as low as 70% (i.e., screening fails to detect cancer in ∼30% of cases). In fatty breasts tumors as small as 5 mm can be detected, while in dense breasts they are rarely less than 1-2 cm in diameter. Tumor size at the time of discovery is an important parameter since it is directly related to the prognosis of cancer (3).
The specificity of mammography suffers because benign masses such as dense glandular tissue, surgical scars, and fibrosis are frequently misinterpreted as mammographic signs of malignancy (4). A large percentage (> 60%) of biopsies prompted by mammography reveal that no cancer was present (5, 6) . In the US alone it is estimated that 600,000 biopsies per year could be avoided if better screening procedures were available, leading to a savings of $1 Billion US and a significant reduction in stress for the women involved.
Ultrasound imaging is able to differentiate cysts from solid lesions in the breast, but is not recommended for screening since it often struggles to detect noninvasive or diffuse tumors. As well this technique remains time consuming when the whole breast has to be carefully explored. Magnetic resonance imaging (MRI) can identify breast masses as small as 1-2 mm, and is not affected by dense tissue or implants. However the specificity of MRI for breast cancer is only about 60% (7). Percutaneous biopsy under MRI guidance requires a stereotaxic device and needle that are nonmagnetic, and is a procedure that is under active development.
There is a clear need to improve the sensitivity and specificity of breast cancer detection. An imaging procedure that allows normal and cancerous tissue to be distinguished on the basis of functional biological properties offers hope for this goal. The most promising approach is positron emission tomography (PET) using 2-[fluorine-18]-fluoro-2-deoxy-Dglucose (FDG) as a radiotracer. Since tumor cells metabolize glucose much faster than normal cells, the uptake of FDG is accelerated in a cancerous region. Initial clinical results from an FDG PET study of breast cancer showed a sensitivity of 86%, a specificity of 91%, and an accuracy of 89% (8). Other authors have reported sensitivities between 80-100% (9, 10) and specificities between 84-100% (10-12). In addition to the promise of high sensitivity and specificity, PET should also benefit the planning of treatment and surgery by improving the visualization of the distribution of tumors.
A positron emission mammography (PEM) camera is a PET device that is dedicated to breast cancer detection and thus offers a number of advantages over whole body PET machines. A PEM camera provides focused coverage of the breast and is less vulnerable to signal from radiotracer that has accumulated elsewhere in the body. PEM offers higher sensitivity due to its close proximity to the breast and therefore supports a lower dose of FDG. Dose levels are important for determining the age at which routine screening can begin as well as its frequency. PEM systems may also pro-duce images with higher spatial resolution since they support the use of scintillators with smaller crystal elements than those used in whole body PET machines.
Several different approaches to the development of cameras for PEM have been reported (13) (14) (15) (16) . The most popular design is based on position-sensitive photomultiplier tubes (PSPMTs) for detection of light from the scintillation array (13-15). A major drawback of PSPMTs for this application is their low quantum efficiency (∼25%) (17). Other issues that must be overcome with the use of PSPMTs include linearity distortion in the image and the appearance of dead space between the active area and the physical edge of the detector. Furthermore their size restricts the ability to build a very compact detector. Silicon photodiodes are an alternative to PSPMTs for light detection. These photodiodes are simple and reliable but provide no gain and thus require a charge-sensitive amplifier that adds cost, creates noise in the readout system, and introduces an additional delay due to its rise time (17). The development of a PEM camera that uses silicon avalanche photodiodes (APDs) for light collection has also been proposed (16). Modern APDs have a quantum efficiency of 60-80% for wavelengths of scintillation light and have better lateral uniformity than PSPMTs. They typically provide a gain of about 100, a value that is several orders of magnitude below that of PSPMTs (18). The chief weakness of these devices is the high sensitivity of their gain and signal-to-noise ratio to the operating temperature and voltage. Prototype PET systems based on this technology have required complex mechanisms to maintain a stable temperature, and individual APDs in a detector have had to be biased separately (19) (20) (21) . In the typical operating range a variation of one degree Celsius results in a change in gain of up to 10% (18, 22) . New devices called reverse APDs are under development in order to provide a solution to these issues (23). However even the most advanced APDs developed specifically for used with scintillators have a dark current of about 10 nA at a gain of 1000 (18).
As an alternative to the above systems, our PEM camera will use an a-Se avalanche photodetector to capture scintillation light and convert it into an electrical signal. Avalanche multiplication is a process in which a charge carrier moving in the bulk of the material gains sufficient energy from the applied field to create additional free electron-hole pairs (EHPs) by impact ionization (24). The magnitude of the avalanche gain depends strongly on the thickness of the layer and the electric field. In a-Se, avalanche occurs at fields above ∼80 V/µm, and holes (i.e., positive charge) are the dominant initiators of avalanche because their mobility is much higher than that of electrons. At an applied field of 110 V/µm a thin a-Se layer (∼8 µm) provides a gain of about 100. We have measured a gain of 1000 for a 35 µm thick layer while dark current remains at 3 nA, easily exceeding the requirements of a PET system. In addition to high, thermally stable gain, a-Se has a quantum efficiency of better than 90% for the emission light from typical scintillation crystals. This is an important physical advantage of a-Se over both PSPMTs and silicon APDs. Collectively these properties mean that the proposed detector will enjoy a very high photosensitivity. Amorphous selenium layers are typically produced with evaporation technology and can be fabricated into large area devices. A single uniform a-Se detector will be used in the proposed PEM system, offering a number of advantages over a detector based on an array of multiple PSPMTs or APDs. The a-Se detector requires only a single bias source, provides a uniform gain across the entire field of view, does not introduce linearity distortion, and offers a superior fill factor since it avoids the dead space that occurs when multiple devices must be tiled together. Finally, the development of an a-Se photodetector for PEM will support an extension of our camera design to a device that is capable of measuring the depth of interaction (DOI) in the scintillation crystal. The crystal layer is typically 20-30 mm thick, and failure to account for DOI introduces a parallax error that degrades spatial resolution when images are reconstructed. By coupling an a-Se layer to both faces of the scintillator, DOI can be computed using the ratio of the signals from each detector. This approach has not been used in existing designs based on PSPMTs because of their bulk and concerns about their attenuation of the energetic photons that must reach the crystal for detection.
Based on a comparison of the physical properties of modern PET scintillation crystals (see Table I ), lutetium oxyorthosilicate (LSO) is the preferred material for the scintillation layer in our PEM camera. Its rapid scintillation decay means that light produced by random high energy interactions in the crystal can be rejected, while high energy photons originating from the same point in the breast are identified with confidence. This characteristic supports the very high count rates that are essential to high speed PET scanning. LSO has a relatively high density and atomic number, so a large proportion of the incident photons from radiotracer decay are absorbed in the scintillator. Finally its high light output is a benefit to determining energy and identifying interaction position in the detector.
By combining the high quantum efficiency, high gain and fast response of an a-Se photodetector with the high light output and rapid scintillation decay of LSO, we believe it is possible to develop a detector with superior collection efficiency that exploits the specificity of functional imaging for breast cancer screening. Our concept requires two cameras, referred to as heads, which operate in parallel. Figure 1 is a schematic of the design, in which the cameras are positioned on either side of the compressed breast. FDG uptake is high within the tumor region. The result is an elevated level of radioactivity for the tumor and a much higher emission of 511 keV gamma particles from that volume in comparison to the surrounding benign tissue. The dual-head PEM camera captures these photons and a separate coincidence processor identifies time correlated photon pairs. This information is used to reconstruct an image of the breast in which the tumor is distinct from the surrounding normal tissue.
Each camera head contains a finely pixelated LSO array that is optically coupled to an a-Se photoconductive layer referred to as a HARP (High-field Avalanche Rushing Photoconductor). This composite detector is called a SHARP (Scintillator-HARP). Figure 2 is a schematic diagram of one detector head. When the scintillator absorbs incident 511 keV photons it produces a burst of optical pho- tons. These are emitted from the LSO and reach the HARP layer, where they are absorbed at the front surface and create free electron-hole pairs. Holes avalanche through the a-Se and are collected at the back surface.
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The use of a light sensitive a-Se layer with high gain is novel for PEM. However HARP technology has previously been exploited for video cameras used in low light conditions and for high definition television (25, 26) . The high bias voltage required to induce avalanche can be used because of the presence of blocking layers that prevent injection of charge from the bias electrodes into the a-Se. A layer of CeO 2 forms a contact that prevents injection of positive charge from the anode, while an Sb 2 S 3 contact stops injection of negative charge from the cathode. Our detector is designed to accommodate a positive bias on the front electrode so as to induce avalanche of holes. An image can then be read out with an array of gold pixel electrodes deposited at the cathode surface. For a practical detector, the charge image formed by the SHARP would be accessed with an Application Specific Integrated Circuit (ASIC) that has custom designed, low noise analog readout electronics. Preliminary investigations will be conducted using amplifiers bonded to each pixel. To quantify the response of the PEM camera to 511 keV photons, the SHARP will be exposed to a point source of radiation and the resulting signals will be sorted into a pulse height spectrum by a multi channel analyzer (MCA).
Materials and Methods
Our proposed PEM camera depends on the high gain and rapid charge collection that are offered by an a-Se avalanche photodetector. Experiments were performed to quantify these two properties using a conventional HARP video tube with scanning electron beam readout, without a scintillation layer. The HARP consisted of an 8 µm layer of pure a-Se sandwiched between CeO 2 and Sb 2 S 3 blocking contacts, with a transparent Indium Tin Oxide (ITO) electrode at the front (Fig. 3) . A positive high voltage was applied to the ITO.
Response Time
The response time of the HARP was measured by exposing it to a short laser pulse and measuring the time required for the resulting electrons and holes to reach the surfaces of the a-Se. A nitrogen laser (Photon Technology International, GL-3300) was used to generate a 600 ps pulse at 337 nm. Signal from the HARP was recorded on a digital oscilloscope (Tektronix, TDS7254) that was triggered to begin data capture at the onset of the laser pulse using a photodiode (Thor Labs, DET210) placed adjacent to the laser beam. The HARP and associated electronics were mounted inside an aluminum housing and further shielded from ambient light by black fabric. A high voltage power supply (Stanford Research Systems, PS 350) was used to bias the a-Se layer.
As the electric field in the a-Se was raised, a series of glass slides were used to attenuate the laser such that the peak signal from the HARP was roughly constant. Figure 4 shows a schematic of the experimental setup.
Electron-hole pairs were generated by the incident laser light at the front surface of the a-Se target. The HARP current corresponding to the motion of this free charge was record- ed. Electrons and holes were separated by the applied electric field; electrons were captured at the nearby positive contact, while holes moved across the layer to the cathode. At sub-avalanche fields, current was a function of the movement of holes alone. In this domain the shape of the signal was found to be quasi-rectangular and therefore hole transport in a-Se is nondispersive. At fields above 80 V/µm holes undergo avalanche multiplication and produce secondary electrons and holes that add their own contribution to the signal. The HARP current is zero at the onset of the laser pulse, rises to a maximum as the peak quantity of holes traverses the layer, drops suddenly as the majority of holes reach the cathode, and then decays to zero as slow moving electrons reach the anode surface of the a-Se. The duration of this current was used to quantify the speed with which signal can be read out from an 8 µm HARP.
Gain
The gain of the HARP was quantified by measuring the increase in signal as a function of bias voltage. A blue LED (475 nm) was positioned to provide constant illumination of the a-Se. The video signal from the HARP tube mounted in a conventional video camera was observed on an oscilloscope, and a single physical location on the target was monitored as follows. The oscilloscope was triggered to display the same line from each video frame and the height of the signal was recorded at a fixed horizontal position on this line. By adjusting the bias voltage, the electric field was raised from 25 to 108 V/µm.
Gain was computed from the ratio of the signal measured at different fields. An analytic expression for the field dependence of the quantum efficiency η of a-Se (27) was used to determine the impact of that effect on the overall gain. At fields above 80 V/µm avalanche multiplication gain was calculated by dividing out the contribution of η to the increase in signal.
Results
Response Time Figure 5 shows the response of the HARP to a single laser pulse under avalanche conditions. The initial signal burst of large magnitude and short duration is due primarily to the motion of holes in the detector. Holes have a mobility that is much larger than that of electrons and they are rapidly swept to the cathode by the bias field. A trail of negative charge created via avalanche multiplication is left in their wake. The motion of these electrons in the opposite direction across the a-Se is responsible for the remainder of the signal. Their lower mobility leads to a longer transit time. The electrons created near the cathode are the last to reach the anode.
It takes ∼22 ns at 106 V/µm to sweep the charge corresponding to an impulse input of photons across the 8 µm HARP layer. In the avalanche domain the time for charge collection is dominated by the transit time of electrons, since their mobility is an order of magnitude smaller than that of holes. The transit time for holes can be quantified by calculating the time between the onset of the signal and the point at which it falls to half of its initial peak value. This time was found to be less than 2 ns at avalanche fields.
Gain
The field dependence of the signal from the HARP is plotted in Figure 6 . Between 25 V/µm and the threshold field for avalanche (80 V/µm), the signal rises by a factor of 5. Between 80 and 108 V/µm there is an additional increase by a factor of ∼60. After accounting for the field-dependent quantum efficiency of a-Se in the avalanche domain, the gain due to avalanche was found to be 55 at 108 V/µm.
These results agree well with the theoretical model of avalanche multiplication. The dependence of avalanche gain M on the thickness of the layer L and the field E is given by (28) where α and β are the impact ionization coefficients of electrons and holes, respectively. Assuming that the contribution of electrons to avalanche is negligible at the electric fields that were investigated, this expression reduces to Approximately 22 ns are require to collect all of the free charge that is generated by an initial laser pulse and subsequent avalanche multiplication. The primary peak is largely attributed to the motion of positive charge while the tail is due to movement of negative charge.
and β is given by
Established values for β 1 and β 2 are given by Tsuji et al. (29) who determined that β 1 = 1.7 × 10 3 µm -1 and β 2 = 9.3 × 10 2 V/µm based on multiplication factors recorded for thin (< 4 µm) a-Se layers. There was good agreement with our data using this value for β 1 and a value of β 2 that was ∼5.5% smaller. Then the theoretical avalanche gain at 108 V/µm is 57 compared to a measured value of 55. Figure 6 shows the theoretical signal in the avalanche domain, calculated by rescaling the signal at the threshold field for avalanche by the theoretical value of M at each higher field. A difference between the impact ionization factor for holes in our a-Se sample and those of other investigators could be explained by a difference in the a-Se layer structure. According to Juska and Arlauskas (24) β 2 is a function of the inter-band ionization energy, the ionization probability of an electron-hole pair, and the distance between avalanche events. Since the a-Se for the present experiments is a multi-layer whose structure is optimized for use in video tubes, it would not be surprising that a small difference in material properties has resulted in an increase in the average path length between collisions and a lower β 2 .
Discussion
We have demonstrated that the response time of the proposed a-Se photodetector will not be the limiting factor for coincidence discrimination in the PEM system, given that the scintillation light decay of LSO is 40 ns and the transit time for charge in an 8 µm HARP at avalanche fields is 22 ns. Based on the light yield of LSO (30 photons/keV) and the quantum efficiency of a-Se at avalanche fields (93%), we calculate that each 511 keV photon that deposits its energy in the scintillation crystal releases ∼14,000 electron-hole pairs in the HARP prior to avalanche. An 8 µm HARP with an avalanche gain of 55 increases this charge to 7.8 × 10 5 EHPs (0.125 pC) at an electric field of 100 V/µm. If the readout time for this charge is approximated by the sum of the scintillation decay constant and the transit time in the HARP, this corresponds to a peak current of about 2.0 µA. Increasing the field to 110 V/µm is technically feasible and should produce a gain of ∼100, almost doubling the current.
By selecting an appropriate thickness of a-Se for the SHARP, the optimal balance between detector speed and signal current can be achieved. As the thickness of the photodetector is increased, the avalanche gain of the layer rises much more quickly than does the time for charge collection. In fact the transit time scales linearly with thickness, while the increase in avalanche gain is exponential. Kubota et al. (26) measured a gain of ∼600 for a 25 µm HARP at 100 V/µm. Assuming a transit time of 70 ns (22 ns × 25 µm/8 µm) for this layer gives a peak current of about 12 µA. In comparison, the dark current for a layer of the same thickness biased at the same field was measure to be about 5 nA (26).
The sensitivity and specificity of breast cancer screening with PEM should exceed that of conventional tests due to the use of a radiotracer such as FDG that causes cancers to be clearly distinguished from healthy tissue in PEM images.
In summary, we have proposed a novel system for positron emission mammography based on an LSO scintillation crystal and an a-Se photodetector. The PEM camera promises high collection efficiency of the signal from the radiotracer due to the excellent quantum efficiency of a-Se and the large gain in photo-signal made possible by inducing avalanche multiplication. The use of an a-Se avalanche layer is new for PEM. We demonstrated that the charge collection time in such a layer is sufficiently short relative to the light decay of the best PET scintillator that it will not limit the ability to detect coincident events with the two camera heads. In addition avalanche multiplication in the a-Se provides a sufficiently large gain so that each incident photon can be detected above system noise. 
